Graphene possesses good properties as unusually high electron mobility, atomic layer thickness, and unique mechanical flexibility, which made it one promising material in the design of terahertz antennas. In this book chapter, we present a numerical analysis of a broadband dipole-loop graphene antenna for application in terahertz communications. The bidimensional method of moments (MoM-2D), with equivalent surface impedance of graphene, is used for numerical analysis. First, we review the principal characteristics of the conventional rectangular graphene dipole. Then, we consider the broadband graphene antenna, composed by one rectangular dipole placed near and parallel to a circular-loop graphene element, where only the dipole is feed. In this analysis, we investigated the effects of the geometrical parameters and the chemical potential, of the graphene material, on the overall characteristics of the compound antenna. Some results are compared with simulations performed with software based on finite element method. The results show that this simple compound graphene antenna can be used for broadband communications in the terahertz band.
Introduction
Over the last few years, wireless data traffic has drastically increased due to a change in the way today's society creates, shares, and consumes information. This change has been accompanied by an increasing demand for a much higher speed wireless communication anywhere, anytime. Advanced physical layer solutions and, more importantly, new spectral bands will be required to support these extremely high data rates [1] .
In this context, terahertz (THz) band communication [2] [3] [4] [5] [6] [7] [8] is envisioned as a key wireless technology to satisfy this demand; it is an alternative to spectrum demand and capacity limitations of current wireless systems, allowing multitude of applications. The THz band is the spectral band that spans the frequencies between 0.1 and 10 THz. While the frequency regions immediately below and above this band (the microwaves and the far infrared, respectively) have been extensively investigated, this is still one of the least-explored frequency bands for communication [1] .
Therefore, there is a need to develop new transceiver antennas that are able to operate in THz frequencies in a very large operating bandwidth. Different technologies are actually in development in literature. In this chapter, we focus on graphene technology for the design of broadband terahertz antennas.
Graphene is a monolayer of carbon atoms arranged in a two-dimensional hexagonal honeycomb lattice [9] . The exceptional properties of graphene like unusually high electron mobility, atomic layer thickness, and possibility of miniaturizing antennas based on this material and many other properties made it one promising material in many areas ranging from solar cells [10] to ultra-high-speed transistors [11] .
Significant benefits can be obtained for graphene antennas in telecommunications applications such as monolithic integration with nanoelectronic graphene radio frequency (RF), efficient dynamic adjustment through chemical potential, relatively low loss in the band of terahertz (THz), and the possibility of miniaturization of antennas due to common plasmon effect in metamaterials [12, 13] . On the other side, there are few alternatives and works in literature about broadband graphene antennas [14, 15] .
In this chapter, a theoretical analysis was made in a broadband graphene antenna composed by a rectangular dipole and a circular loop. The analysis is made using the two-dimensional method of moments (MoM 2D) with surface impedance [15, 16] . It was calculated by input impedance, reflection coefficient, and bandwidth from antennas with different geometrical parameters and values of chemical potential in the range of 0.5-2 THz. Some results were obtained by finite element method (FEM) with the Comsol software for comparison [17] . Figure 1 shows the geometry of the proposed broadband graphene antenna. This antenna is composed of two elements: a rectangular planar dipole with dimensions L and W, with same values used in [13] for comparison, and a circular passive ring (or circular loop) with inner radius R1 and outer radius R2. The environment in which the elements are inserted has a relative permittivity ε r = 2.4, which is the average of air and substrate permittivity used in [13] , where in this reference, the substrate is in z < 0. In other words, here we use an equivalent effective permittivity for the whole medium, which is considered homogeneous with no substrate.
Antenna geometry
The two elements are separated by a height H, as shown in Figure 1 . In the analysis, the geometry of antennas was maintained fixed, that is, the dipole's dimensions and the values of ring's radii (R1 and R2) and height (H) between antennas were fixed, and the chemical potential of graphene circular loop was changed to obtain a broadband operation.
The size of the dipole graphene has only one planar dimension (e.g., W and L) because the graphene thickness is considered very small. This antenna is fed by an equivalent ideal voltage source called photomixer [13] with width W and gap length G in the middle of the dipole shown in Figure 1 . In MoM, we call it voltage source and, in FEM, we used a lumped port [17].
Theoretical development
In this section, the model used for the surface conductivity of graphene, a summary of the MoM-2D model used in the analysis, and details of the Comsol model are presented.
Graphene surface conductivity
The experimental results show that edge effects on the graphene conductivity can be disregarded in the micrometer scale [15] . Therefore, one can use the electrical conductivity model developed for infinite graphene sheet. In this chapter, we use the Drude model for graphene surface conductivity in the range of 0.5-2 THz where τ = 10 −12 s is the relaxation time, T is the temperature, and μ C is the chemical potential, which is a function, for example, of a DC voltage applied in graphene sheet [18] . Figure 2 shows examples of σ for different values of chemical potential with T = 300 K.
Method of moment model
The boundary condition on the antenna surface produces the following integral equation of electric field in frequency domain with temporal dependence exp(jωt):
where E ¯ S (V/m) is the scattering field from the antenna, E ¯ i (V/m) is the incident electric field from the voltage source, a ¯ t is a unitary vector tangential to the antenna's surface, J ¯ (A/m) is the surface current density of the antenna, and Z S = 1/σ is the surface impedance of graphene. The scattered field is
where j is the imaginary unit, k = ω(μ 0 ε r ε 0 ) 1/2 , ω is the angular frequency (rad/s), μ 0 and ε 0 are the magnetic permeability and electrical permittivity, respectively, in free space, ε r = 2.4 in the present analysis, and R is the distance between source points and observation points, both on the antenna surface S.
The numerical solution of Eq. (2) by MoM consists in to approximate the surface current on the antenna by a linear combination in a given set of basis function and performs the conventional test procedure with a given set of test function [16] . With this approximation, we transform the integral Eq. (2) in an algebraic linear system which is numerically solved. 
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Finite element method model
The Comsol software [17] , which is based on the finite element method, was used to simulate examples of graphene antennas to compare our MoM model. The graphene sheet is modeled by an equivalent volumetric electrical conductivity, where it is defined by the surface conductivity (1) divided by the graphene thickness, which was considered finite in the Comsol model σ V (ω) = σ (ω) / Δ , where Δ is the thickness of the antenna. The domain used is a spherical volume with ε r = 2.4, where a perfect matched layer (PML) is placed in the outer boundary to absorb the radiated waves. In this model, the dipole is excited by a voltage source with a lumped port element.
Numerical results
In this section, we first present the results of two examples of conventional graphene dipole with different sizes. The principal characteristics of this antenna are reviewed. The results are obtained by MoM and FEM models and compared with data of literature [13] . After that, we present the results for the broadband graphene dipole loop. In this case, we analyze the dependence of the radiation and broadband properties of this antenna as a function of the geometry and chemical potential of the loop.
Conventional graphene dipole
For comparison of our models, this section presents the analysis of the two graphene antennas of the study [13] . The parameters of these antennas are presented in Table 1 , where we named them Antennas 1 and 2. These two antennas were simulated by MoM and Comsol. The discretization details used in these models are shown in Figure 3 , where Figure 3a and b show the meshes used in the MoM method and Figure 3c and d show the meshes used in the FEM. Note that the meshes in MoM method are only in the surface's antennas, while in the FEM, the meshes are also in a spherical volume around the antennas. This is why the MoM method presents small number of unknowns than the FEM, and consequently, the MoM method requires a smaller computational cost than the FEM.
The input impedance obtained for both antennas is presented in Figure 4 and the results of input resistance R in and input reactance X in between MoM, simulation Comsol and data from [12] are compared. In general, a good agreement of the results is observed in these figures; the little differences are due to the differences in models and discretizations. The antennas present dipolar resonances similar to conventional RF-microwave antennas, where the fundamental resonance is dipolar λ/2 with lower R in and the second resonance is λ with higher R in . The values of these resonant frequencies are presented in Table 2 . Antenna 1 possesses a smaller length L than Antenna 2 but the resonances of Antenna 2 are higher than those of Antenna 1; this occur because the chemical potential of Antenna 2 is higher than that of Antenna 1 and this parameter shifts the input impedance to higher frequencies. 
Graphene dipole loop
In this section, we present the numerical results for the broadband graphene dipole-loop antennas of Figure 1 . First, we make a parametric analysis of geometry and then the effect of chemical potential of loop on the bandwidth and radiation characteristics. The results presented are input impedance, reflections coefficient, bandwidth, and radiation diagram. 
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Parametric analysis with geometry
A parametric analysis of graphene dipole loop of Figure 1 is presented in this section. We investigate the variation of the characteristics of antenna as a function of the loop's geometry element. In all the analysis, we fixed the size and chemical potential of the dipole with those values of Antennas 1 presented in Table 1 . In addition, we varied the following parameters of loop element: inner radius R1, outer radius R2, and distance H. The values of H are varied from 1 to 5 μm. The outer radius R2 presents eight values from 3 to 10 mm, and the inner radius R1 with three fractions of R2, that is, R1 = 0.4 × R2, R1 = 0.6 × R2, and R1 = 0.8 × R2. A total of 120 simulations were done with the MoM code developed. For both elements (dipole and loop), we fixed the potential of μ C = 0.13 eV ( Table 1 ). Figure 6 shows some examples of graphene dipole loop analyzed with different loop's size and the correspondent mesh used in the MoM model.
For each simulation, we plot the input impedance Z in of the antenna. First, we noted that for higher values of H and R1, the electromagnetic coupling between the dipole and the loop element is smaller. Therefore, the parameters where we obtained best coupling and matching bandwidth are H = 1 mm and R1 = 0.4 × R2. The geometries for some of these cases are presented in Figure 5d -f. Figure 7 shows the input impedances for these cases R2 equal to 3, 4, 5, and 6 μm, and Figure 8 the Z in for the cases 7, 8, 9, and 10 μm.
In these figures, we can see the effect of the loop and the dipole in the total input impedance. For example, for the case of R2 = 9 mm in Figure 9 , the resonances of the loop and the dipole are approximately in 0.75 and 1.0 THz, respectively. Also, the loop resonance is shifted to lower frequencies for higher values of R2, and the dipole resonance remains approximately constant. This happens because we are varying only the size of the loop in these simulations, and this size modifies the loop's resonance more strongly.
This behavior of multi-resonance is common for antennas with multiresonant elements coupled electromagnetically, which is the case of the dipole-loop antenna. This analysis of Figures 7 and 8 shows that we can control the total input impedance so that it presents a broadband characteristic. For this purpose, we choose the loop's size in such a way as to couple the loop and the dipole resonance near to each other to obtain a broader resonance.
To observe this statement, we plot the reflection coefficient of these antennas when they are To compare the bandwidth of these antennas, we calculated the fractional bandwidth defined
where f H and f L are the superior and inferior, respectively, limits of the band for a level of −10 dB. The results are presented in Table 3 , where the fractional bandwidth for all simulations for the case H = 1 mm is presented. We observe that the best case is R2 = 7 mm with R1 = 0.4 × R2, where B = 21.7%.
For the case with broad bandwidth of Table 3 (R1 = 0.4 × R2 and R2 = 7 μm), we plot the normalized radiation diagram at F = 0.56 THz in the middle of the bandwidth in Figure 10 . The diagram is an asymmetric version of that diagram of an isolated dipole. The asymmetry is due to the asymmetric geometry of the antenna in the xz plane. This diagram radiates more energy in the -z direction, where in this case, the loop acts as a reflector element. 
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Effect of chemical potential
In Table 3 . Fractional bandwidth of dipole-loop antennas with H = 1 μm. 
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First, we observe a better agreement between MoM and Comsol. Also, we note that we can control the effect of the loop in the total input impedance by varying its chemical potential.
We observe in Figure 12 that only the resonance of loop is modified with chemical potential. For example, in Figure 12c , the loop resonance is near F = 0.75 THz, and in Figure 12d , it is near F = 0.8 THz. The results of Figure 13 were obtained for Z c = 300 Ω; however for the case of μ C = 0.03 eV, we used Z c = 150 Ω. These values of Z c presented a better bandwidth. The bandwidth obtained are presented in Table 4 , where the broad bandwidth was found for the case with μ C = 0.7 eV.
The resonant frequencies for the best bandwidth (μ C = 0.1 eV) are F = 0.69 and 0.85 THz, as can be seen in Figure 12d , where the reactance is null. The radiation diagrams in these frequencies are presented in Figures 14 and 15 . We observe that these diagrams are more symmetrical and similar to that of isolated dipole. This is because the size of the loop element is smaller than that of Figure 10 ; therefore, the effect of their surface current to produce far field is smaller.
Conclusions
In this book chapter, we presented a numerical analysis of a broadband graphene dipole-loop antenna for terahertz application. In this antenna, only the dipole element is fed by a voltage source, while the loop element is electromagnetically coupled to the dipole. The bidimensional method of moment, with an equivalent surface impedance of graphene, was used for numerical calculations, and some results are obtained by finite element method for comparison. A good agreement between these two methods was obtained, but the method of moment is faster than the finite element method. In the results, we first presented a review of the principal characteristics of the conventional graphene dipole antenna. Then, we analyzed the broadband characteristics of the graphene dipole-loop antenna as a function of geometry and chemical potential of the loop. The results show that these parameters can be used to enhance the fractional bandwidth of this antenna, where a combination of these two parameters in the optimization process produces better results than one alone. The best antenna obtained presented a fractional bandwidth of 43.5% with a radiation diagram with linear polarization and good symmetry properties.
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